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Quasiparticle tunneling spectra of both hole-doped (p-type) and electron-doped
(n-type) cuprates are studied using a low-temperature scanning tunneling mi-
croscope. The results reveal that neither the pairing symmetry nor the pseu-
dogap phenomenon is universal among all cuprates, and that the response of
n-type cuprates to quantum impurities is drastically different from that of the
p-type cuprates. The only ubiquitous features among all cuprates appear to be
the strong electronic correlation and the nearest-neighbor antiferromagnetic
Cu2+-Cu2+ coupling in the CuO2 planes.
PACS numbers: 74.72.-h, 74.50.+r, 74.62.Dh
1. INTRODUCTION
To date there has been no consensus for the mechanism of cuprate su-
perconductivity. The diverging views are primarily due to complications
incurred by competing orders in these strongly correlated doped Mott insu-
lators. 1,2,3 The competing orders can result in a variety of phases in the
ground state, depending on whether the cuprate is hole doped (p-type)
or electron doped (n-type), and also on the carrier doping level, the elec-
tronic coupling strength between neighboring CuO2 planes, and the degree
of disorder.4,5,6,7 In order to sort through the complications, it is necessary
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to identify universal characteristics among all cuprate superconductors.
Among the noteworthy phenomena associated with the cuprates, dx2−y2-
wave pairing symmetry,8,9 spin fluctuations,10 pseudogap phenomenon,11
strong phase fluctuations12 and stripe phases13 have been considered as im-
portant to the underlying mechanism. In particular, the pseudogap phe-
nomenon is widely regarded as a precursor to superconductivity, and its
doping dependence together with the non-Fermi liquid behavior in the pseu-
dogap regime have led to the hypothesis for a quantum critical point (QCP)
near the optimal doping level14 as well as other models such as preformed
Cooper pairs,15 Bose-Einstein condensation at Tc,
16 dx2−y2-density wave
phase with orbital currents in the pseudogap regime,17 and spin gap sce-
nario. 18 However, these models have been developed around experimental
findings in the p-type cuprates. Given that the cuprates cannot be properly
described by a simple one-band Hubbard model and therefore lack appar-
ent particle-hole symmetry, it is not obvious whether all phenomena in the
p-type cuprates can be generalized to the n-type cuprates.
In this work, we compare the quasiparticle tunneling spectra of a variety
of p-type and n-type cuprate superconductors, with special emphasis on the
doping dependence and the effects of quantum impurities in the CuO2 planes.
The physical implications of our investigation are discussed.
2. PAIRING STATE OF THE P-TYPE CUPRATES
The p-type cuprates studied in this work include the under- and opti-
mally doped YBa2Cu3O7−δ (YBCO), overdoped YBCO with Ca-substitution,
an optimally doped YBCO with 0.26% Zn and 0.4% Mg substitutions for Cu
in the CuO2 planes,
4,5,6 and the under- and optimally doped La2−xSrxCuO4−δ
(LSCO) system.19 The spectra are taken using a low-temperature scan-
ning tunneling microscope (STM), with the average quasiparticle momen-
tum along different crystalline axes. The surface preparation with chemical
etching method and surface characterizations are described elsewhere.4,20,21
2.1. Doping-Dependent Pairing Symmetry and Pairing Potential
The pairing symmetry and momentum (k)-dependent pairing potential
∆k can be derived self-consistently by applying the generalized BTK analysis
to the directional tunneling spectra taken on each sample.4,5,22 We find that
the pairing symmetry of p-type cuprates is dependent on the doping level
and the crystalline structure. For cuprates with orthorhombic structure such
as the YBCO system, the pairing symmetry is predominantly dx2−y2-wave in
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the underdoped regime and (dx2−y2 +s)-wave with a significant s-wave com-
ponent increasing with doping in the overdoped limit.4,5,6 On the other hand,
for tetragonal samples such as the Bi2Sr2CaCu2Ox (BSCCO) and LSCO, the
pairing symmetry is consistent with pure dx2−y2-wave for all doping levels.
Moreover, no discernible complex order parameter could be detected in the
p-type cuprates based on our STS studies.4,5,6 Therefore no obvious QCP
with a universal broken symmetry can be identified in the p-type cuprates
based on our tunneling studies. In addition, the dx2−y2-component of the
superconducting gap (∆d) in the YBCO system is only weakly dependent
on the doping level for the optimal and underdoped samples,4,5,6 and is re-
duced significantly in the overdoped regime, as shown in Fig. 1(a). These
gap values do not persist above Tc,
23 and are therefore consistent with the
pairing potential. Our findings are in contrast to the point-contact spectra
of BSCCO that exhibit a rapidly increasing averaged energy gap with de-
creasing doping,24 and the large averaged gap of the underdoped BSCCO
appears to merge with the pseudogap. However, recent tunneling experi-
ments on BSCCO mesas suggest that the spectral pseudogap does not have
the same physical origin as the superconducting gap.25 We also note that
the (2∆d/kBTc) ratio in YBCO increases with decreasing doping level, sug-
gesting increasing electronic correlation in the underdoped regime.4,5,6
In general, the quasiparticle spectra of the YBCO system exhibit long-
range spatial homogeneity for most doping levels,4,5 in contrast to the nano-
scale spectral variations found in some underdoped BSCCO.26 This differ-
ence may be attributed to the more homogeneous oxygen distribution in
YBCO, where oxygen vacancies exist in the CuO-chains and are often struc-
turally ordered. In contrast, oxygen vacancies in BSCCO can exist in dif-
ferent atomic planes and are generally disordered, thereby giving rise to
nano-scale inhomogeneity in underdoped BSCCO. From the perspective of
competing orders, nano-scale phase separations can occur for limited dop-
ing levels. Indeed, significantly more homogeneous tunneling gap values
have been reported for tunneling directly into the CuO2 plane of a BSCCO
sample,27 implying that nano-scale phase separations need not be a natural
consequence of short superconducting coherence lengths.
2.2. Effects of Quantum Impurities
An important consequence of either dx2−y2 or (dx2−y2 + s) pairing sym-
metry is the existence of low-energy nodal quasiparticle excitations. These
fermionic excitations can interact strongly with quantum impurities in the
CuO2 plane and significantly influence the local quasiparticle spectra near
N.-C. Yeh et al.
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Fig. 1. (a) Doping dependent pairing potential ∆d and spin excitation energy
Ωres of YBCO. (b) c-axis tunneling spectra of a YBCO single crystal at and
far away from a non-magnetic impurity with a resonant scattering peak at
Ω1 ≈ −10meV . (c) Spatial evolution of the c-axis tunneling spectra near a
non-magnetic impurity with a scattering peak at Ω2 ≈ +4meV . (d) Spatial
evolution of the differential conductance in (c) at ±Ω2. All spectra were
taken at 4.2 K.
impurities.28,29,30,31 Furthermore, the existence of nearest-neighbor antifer-
romagnetic Cu2+-Cu2+ correlation in the superconducting state can induce
effective Kondo-like magnetic moments on the neighboring Cu2+ ions of a
spinless impurity (such as Zn2+, Mg2+, Al3+ and Li+ with S = 0),32 as con-
firmed from nuclear magnetic resonance (NMR)33,34 and inelastic neutron
scattering (INS)35 experiments. These strong effects in the p-type cuprates
are in contrast to the insensitivity of conventional superconductors to spin-
less impurities36.
Most theoretical studies of the quasiparticle tunneling spectra near
quantum impurities are restricted to perturbative and one-band approxi-
mation 28,29,30,31,32. The Hamiltonian (H) is approximated by H = HBCS +
Himp, where HBCS is the d-wave BCS Hamiltonian and Himp due to im-
purities contains both the potential scattering term Hpot and the magnetic
exchange term Hmag:
32
Himp = Hpot +Hmag = U
∑
σ
c†0σc0σ +
∑
~R
J~RS · σ~R. (1)
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Here U is the on-site Coulomb scattering potential, c† and c are particle
operators, and J~R is the exchange coupling constant between the spin of
conduction carriers on the ~R sites and the localized magnetic moment (S).
If one further neglects variations in the tunneling matrix and assumes a pure
potential scattering contribution, one obtains a resonant energy at Ω0 on the
impurity site using Eq. (1):28,29,30
|Ω0/∆d| = (π/2) cot δ0 ln (8/π cot δ0) , (2)
where δ0 is the impurity-induced phase shift in the quasiparticle wavefunc-
tion. On the other hand, for point-like magnetic impurities with exchange
interaction limited to the s-channel, one obtains two spin-polarized impurity
states at energies Ω1,2:
31
|Ω1,2/∆d| = 1/ [2NF (U ±W ) ln |8NF (U ±W )|] , (3)
where NF is the density of states at the Fermi level and W ≡ JS · σ as-
sumes isolated and equivalent magnetic impurities at all sites. In contrast,
for induced magnetic moments on the neighboring Cu2+ sites due to a spin-
less impurity, the perturbation Hamiltonian Hmag must include the four Cu
sites ~R adjacent to the impurity with J~R = J/4 and also involve screening
channels associated with s-, px-, py- and d-wave like conduction electrons on
the four sites.32 The resulting quasiparticle spectra exhibit a single resonant
peak at the impurity site and alternating intensities and signs of the peak
energy away from the impurity.32
We have performed STS studies on an optimally doped YBCO with
0.26% Zn and 0.4% Mg substitution. The Tc of this sample is 82 K, substan-
tially lower than that of optimally doped YBCO (Tc = 93 K). The represen-
tative spectroscopic information is illustrated in Figs. 1(b)–(d). For STM tip
significantly far away from any impurities, the tunneling spectra are similar
to typical c-axis quasiparticle tunneling spectra in pure YBCO, although the
global superconducting gap ∆d is suppressed to (25 ± 2) eV from the value
∆d = (29 ± 1) meV in pure YBCO, as shown in Fig. 1(a).
4,5 Moreover, the
energy ωdip associated with the “dip-hump” satellite features also shifts sub-
stantially relative to that in pure YBCO. The dip-hump features have been
attributed to quasiparticle damping by many-body excitations such as spin
fluctuations or phonons,37,38,39 and the resonant energy of the many-body
excitation can be empirically determined via |Ωres| = |ωdip −∆d|. We find
that |Ωres| decreases significantly to (7±1) meV from the value (17±1) meV
in pure YBCO. This drastic decrease suggests that phonons are unlikely the
relevant many-body excitations that contribute to the satellite features. On
the other hand, the local spectral evolution suggests that there are two types
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of impurities, one with a resonant scattering energy Ω1 ∼ −10 meV and the
other with Ω2 ∼ 4 meV at the impurity site.
4,5 The intensity of the resonant
peak decreases rapidly within approximately one Fermi wavelength along
the Cu-O bonding direction, as shown in the insets of Figs. 1(b) and (c).
Moreover, the resonant scattering peak appears to alternate between ener-
gies of the same magnitude and opposite signs as the STM tip is displaced
away from an impurity, as exemplified in Fig. 1(c). Some of these spatially
varying spectra near impurities even reveal slow temporal variations over
long times (about ∼ 102 s). Although more detailed studies and proper con-
sideration of the tunneling matrix40,32 are needed to fully understand the
relative contributions of Hpot and Hmag, the presence of temporal variations
might be more consistent with the Kondo effect. For comparison with other
systems, however, we may assume pure potential scattering and use Eq. (2)
to derive the corresponding phase shifts associated with the spinless quan-
tum impurities. We obtain δ1 ∼ 0.38π and δ2 ∼ 0.43π in comparison with
the phase shift (δ0 ∼ 0.45π) due to Zn in BSCCO
41, suggesting that the
impurity scattering strength in YBCO is weaker.
3. PAIRING STATE OF THE N-TYPE CUPRATES
Despite strong consensus for the pairing symmetry in p-type cuprates
as being predominantly dx2−y2 ,
8,9 the situation associated with the n-type
cuprates remains controversial. In the case of one-layer n-type cuprates
Ln2−xMxCuO4 system (Ln = Nd, Sm, Pr; M = Ce, Sr), tunneling spectro-
scopic studies on bulk materials are consistent with s-wave pairing42 whereas
phase sensitive measurements on thin films suggest dx2−y2-pairing.
43. Re-
cently, further studies of the one-layer n-type cuprates have implied doping
dependent pairing symmetry.44
3.1. Strongly Correlated S-Wave Pairing
Our STS studies of the simplest form of cuprate superconductors, the
n-type “infinite-layer” system Sr0.9La0.1CuO2 (SLCO) with Tc = 43 K
46 re-
veal momentum-independent quasiparticle tunneling spectra, as manifested
by consistent spectral characteristics among data taken on more than 300
randomly oriented grains of a polycrystalline SLCO sample.6,7 A representa-
tive spectrum is shown in Fig. 2(a). This finding together with the absence
of any d-wave spectral characteristics (see Fig. 2(b) with ∆k = ∆d(k
2
x− k
2
y))
is suggestive of s-wave pairing symmetry.7 To further investigate the pos-
sibility of any anisotropy, we use the generalized BTK analysis to derive
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tunneling spectra for the anisotropic pairing potentials permitted by sym-
metry. For the D4h point group associated with the infinite-layer system,
we may consider the lowest energy configurations in the pairing state with
angular momenta ℓ = 0, 2, 4. We find that the pairing potential of the A1g
representation and ℓ = 0 corresponds to the isotropic s-wave pairing poten-
tial ∆0, and that ℓ up to 2 is given by ∆k = ∆xy(k
2
x+k
2
y)+∆zk
2
z , where ∆xy
and ∆z are the in-plane and c-axis pairing potentials. For ℓ up to 4, two pair-
ing potentials of the A1g representation are possible. One is similar to that
for ℓ = 2 with uniaxial symmetry, the other exhibits four-fold modulations
in the kx-ky plane, with ∆k = ∆0+∆1(k
4
x+k
4
y−6k
2
xk
2
y). The tunneling spec-
tra for these possibilities are shown in Figs. 2(c) and (d), which suggest that
all pairing potentials with anisotropy would have resulted in significantly
varying tunneling gap values with the quasiparticle momenta. Comparing
this analysis with our data and experimental resolution, we estimate ∼ 8%
upper bound for any anisotropy in the pairing potential.
The finding of s-wave pairing symmetry may be related to the fact
that the n-type infinite-layer system is the only cuprate with a c-axis super-
conducting coherence length longer than the c-axis lattice constant.7,46,49
This unique property is in contrast to the quasi-two dimensional supercon-
ductivity in all other cuprates. Additional noteworthy phenomena include
insignificant satellite features, which imply much reduced spin fluctuations
below Tc, and the absence of pseudogap above Tc, as shown in Fig. 2(a).
The insignificant spin fluctuations are consistent with the fact that electron
doping results in formation of Cu+-ions that dilute the antiferromagnetic
Cu2+-Cu2+ correlation without causing significant spin fluctuations as holes
do in the oxygen p-orbitals, and the absence of pseudogap above Tc is also
consistent with similar findings in the one-layer n-type cuprates.48
3.2. Effects of Quantum Impurities
In contrast to the sensitive response of p-type cuprates to both magnetic
and non-magnetic impurities, the response of the infinite-layer system appear
to be more consistent with that in conventional superconductors.36,45,47 That
is, little suppression in either Tc or the superconducting gap is found with
Zn2+-impurity substitution up to 3%.49,7 In contrast, strong Tc suppression
and significant impurity-induced electron-hole asymmetry in the quasipar-
ticle spectra were found with small concentrations of Ni2+-impurities.49,7
Moreover, our studies of the local quasiparticle density of states in the 1%
Ni-substituted SLCO sample reveal long-range impurity effects, with strong
particle-hole asymmetry due to the magnetic impurity-induced broken time-
N.-C. Yeh et al.
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Fig. 2. (a) Normalized momentum-independent quasiparticle tunneling spec-
tra in a pure Sr0.9La0.1CuO2 taken at T = 4.2 K. (b) Calculated spectra for
quasiparticle tunneling along different crystalline axes of a pure dx2−y2-wave
superconductor. (c) Calculated spectra for an anisotropic s-wave pairing
potential with uniaxial symmetry. (d) Calculated spectra for an anisotropic
s-wave pairing potential with 4-fold in-plane modulation.
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Fig. 3. (a) Comparison of the quasiparticle tunneling spectra of
Sr0.9La0.1CuO2 and Sr0.9La0.1(Cu0.99Ni0.01)O2 at T = 4.2 K. (b) Similar
comparison for Sr0.9La0.1CuO2 and Sr0.9La0.1(Cu0.99Zn0.01)O2. (c) Spectral
difference due to Ni-impurities, showing long-range impurity bound states
at ±ΩB, similar to the Shiba impurity bands.
Scanning Tunneling Spectroscopic Studies of Cuprate Superconductors
reversal symmetry, as shown in Fig. 3(a). In contrast, 1 % Zn-isubsitutions
result in significant disorder states without reduction in either the supercon-
ducting gap (Fig. 3(b)) or Tc.
The inset of Fig. 3(a) illustrates the spectral contribution due to Ni-
impurities, and the corresponding gradual spatial evolution is shown in
Fig. 3(c). Such impurity spectra are in contrast to the rapid spatial varia-
tions in (Zn,Mg)-substituted YBCO (see Fig. 1(c))4 and in Ni-substituted
BSCCO.50 The spectral contributions of Ni-impurities resemble the Shiba
states for magnetic impurity bands in s-wave superconductors,47 and the
bound state energies are found to peak at ±ΩB, where
|ΩB/∆0| = (π/2)JSNF ≡ ζ. (4)
Equation (4) clearly differs from Eq. (3), the latter being associated with
magnetic impurities in d-wave superconductors. Using ΩB ∼ 5 meV and
∆0 ∼ 13 meV, we obtain ζ ∼ 2/3. The assumption of impurity bands can be
justified by noting that the average Ni-Ni separation (∼ 1.8 nm) is shorter
than the in-plane superconducting coherence lengths of SLCO (∼ 4.8 nm),46
such that substantial overlap of impurity wavefunctions can be expected.
4. SUMMARY
Our STS studies of both p-type and n-type cuprates reveal that the
pairing symmetry, pseudogap phenomenon and spin fluctuations are in fact
not universal. The only ubiquitous features among all cuprates appear to be
the strong electronic correlation and nearest-neighbor Cu2+-Cu2+ antiferro-
magnetic interaction in the CuO2 planes.
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